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Introduction
Modified electrodes are extensively used in various fields of electrochemistry such as analytical application, energy storage and conversion. The nature of charge transfer and charge transport processes in these electrodes is usually different from those observed on unmodified planar electrodes. The electrode modified with porous materials, such as alumina [1] has been studied. There are various crystal structures for alumina and the obtained phases depend on the precursor and the calcinations [2, 3] . The surface reactivity, the surface area and pore structure of an alumina phase depends on the preparation conditions, preparation routes and sample history [4, 5] . Polymer-coated electrodes were studied to determine the charge transport mechanism in the coating and for the purpose of catalyzing or mediating redox reactions between the electrode and a substrate in the electrolyte [6, 7] . The electrochemical behavior of redox species incorporated in polymer films has also been studied [8, 9] .
In this paper alumina and nickel-modified alumina powders were applied on the glassy carbon electrode by means of Nafion polymer, creating in that manner polymermodified electrodes with different porosity. The addition of Ni into the alumina sol was expected to create additional diversity in alumina textural properties. The objective of this publication was to investigate the effect of pore structure on electrochemical behavior of redox species incorporated in alumina matrix imbedded in conductive polymer film. Numerical simulations based on Butler Volmer kinetics with 1-dimensional linear diffusion of reduced and oxidized species were used to determine charge transfer rate constant. The obtained electrochemical parameters were correlated with textural properties.
Material and methods
Boehmite sol was prepared by the hydrolysis of aluminium isopropoxide according to the procedure given by Yoldas [10] . In order to obtain a Ni(II) doped alumina samples, variable concentration of nickel nitrate solution were mixed with freshly prepared boehmite sol, gelled at 40 o C and thermaly treated at temperatures of 500 o C, 900 o Cand 1100 o C, during 5h at each temperature. All chemicals were purchased from Sigma-Aldrich. In the designations for pure alumina samples, A stands for alumina and number stands for final temperature (A-500, A-900 and A-1100), while, in the designations for Ni(II) doped alumina samples, first number describes the mass% of Ni in alumina sol and the second number stands for final heating temperature (A10-500, A20-500, etc.).
The nitrogen sorption was performed at -196 o C and relative pressure interval between 0.05 and 0.98 in automatic sorption apparatus (Sorptomatic 1990 ThermoFinningen). The specific surface areas S BET and C were calculated by the BET method [11, 12] from nitrogen adsorption-desorption isotherms, using data up to p/p o = 0.3, and the pore size distribution have been computed from desorption branch of the isotherms [13] .
In order to use the investigated alumina powders as electrode materials, the samples were homogeneously dispersed in original 5 wt.% Nafion® solution using an ultrasonic bath. Droplets (10 μl) of these suspensions (containing 1 mg of alumina powder) were placed on the surface of a glassy carbon electrode (area = 0.0314 cm 2 ). The alumina-modified glassy carbon electrode (GCE) was used as working electrode. The reference electrode was Ag/AgCl in 3 M KCl, while a platinum foil served as a counter electrode. The electrochemical response of samples was tested by method of cyclic voltammetry in 0.1 M phosphate buffered saline (PBS) at pH 7.0. Furthermore, the obtained alumina and Ni-doped alumina samples were impregnated with saturated solution of potassium ferrocyanide. Such obtained samples were applied to the surface of the glassy carbon electrode in the previously described manner. Cyclic voltammograms were recorded at polarization rate of 50 mVs -1 , unless otherwise stated. The polarization rate was varied in the range of 10-1000 mVs -1 when the influence of polarization rate was tested. The potential range was -0.3 V to 0.7 V vs. Ag/AgCl reference electrode.
Numerical simulation of CVs was performed using a MatLab program written by Punckt C. [14] based on the algorithm given by Bard and Faulkner [15] . All simulations were performed in one spatial dimension using a system size of 500 μm, a spatial resolution of Δx = 1 μm, time step of 1x10 
Results and Discussion

Sorption measurement
Nitrogen adsorption-desorption isotherms of all samples (Fig. 1 a,c,d ) expressed isotherm type IVa behavior, characteristic for low porosity material or material with mostly mesoporous pore diameters, as was the case with samples investigated in this paper.
As well as many inorganic gels most of these samples (except A-1100 and A10-1100) gave the Type H2 hysterezis loops. The pore structures in these materials were complex and tend to be made up of interconnected networks of pores of different size and shape ( Fig. 1 b,d,f). Only isotherms of two samples (A-1100 and A10-1100) had a hysteresis loop of the H1 type, originally known as Type A, which is a fairly narrow loop with very steep and nearly parallel adsorption and desorption branches given by adsorbents with a narrow distribution of uniform, cylindrical pores. The changes in the structure cause the changes in the textural properties of the samples (Tab. I).
The observed changes of textural properties obtained for the samples calcined at higher temperatures were the result of the sintering process. Addition of Ni (II) ions caused decrease in specific surface area, pore volume and mean pore diameter compared to pure alumina samples, calcined at equal temperature. It was also noted that the samples with the addition of nickel are more resistant to change due to sintering at elevated temperatures, compared to those without the additive. Some deviations such as pore diameter of 52 nm for A-1100 sample and somewhat unusual isotherm of A10-1100 sample have been observed and cannot be explained at the moment. where S BET is specific surface area; V p0.98 is total pore volume estimated from the amount of nitrogen adsorbed at the relative pressure of 0.98; V p micro is micropore volume; D max is the maximum pore diameter
Electrochemical behavior
All Nafion/alumina coated electrodes produced cyclic voltammograms of similar shapes with very low current (not presented) without any distinct features. Recorded cyclic voltammograms exhibited different level of sloping that is characteristic of porous materials [16] . Further experiment consisted of investigating the electrochemical response of redox probe, ferrocyanide ion, incorporated within different alumina samples. Prior this, the behavior of bare GCE in saturated potassium ferrocyanide solution in 0.1 M PBS was investigated. Also, the behavior of Nafion film containing trapped potassium ferrocyanide powder in 0.1 M PBS was investigated. Diffusion coefficients of ferrocyanide ion in PBS solution and through Nafion were assessed by Randles-Sevcik equation [BARD] . Voltammograms of all ferrocyanide impregnated alumina samples were recorded in PBS at pH 7.0. General shape of CV obtained for investigated samples is presented at Fig. 2 . The rest of CV was omitted for the sake of clarity.
Cyclic voltammograms can be characterized by the peak current and the peak-to-peak separation (ΔE p ) and these values are presented in Tab. II.
Additional data can be obtained from cyclic voltammograms. The Tafel slope (b) could be obtained from the slope of peak potential vs. log (scan rate) [15] . The other manner to obtain Tafel slope is from slope of Tafel mass transfer-corrected plot (E vs. log(I k ), where I k I k = (I*I L ) / (I d -I) and I L /(I L -I) is the mass transfer correction) [15] . Tafel slopes obtained in these two manners are also presented in Tab. II. The cyclic voltammograms recorded at different polarization rate for sample A-500 are presented at Fig. 3 . Fig. 4 . Although simulations were not ideally fitted to the experimental curves, positions of the current peak maxima and curve shapes are quite satisfactory. k a and k c -rate constants for oxidation and reduction process, respectively, α a and α c -transfer coefficient for oxidation and reduction process
Tab. II
The method of multiple correlation analysis was performed on obtained experimental results in order to show the strength of the relationship between the examined variables. Presented correlation matrix (Tab. IV) does not contain the values of sample A-1100 because of their large deviation and this sample was disregarded from analysis. Since the analyzed results were experimentally obtained, correlation coefficient equal or greater than 0.7 was considered as significant. The representative dispersion diagram is presented at Fig. 5 . The obtained correlation factor was -0.70729, while adjusted R-square (R 2 ) amounted 0.44473. The positive correlation of peak current, both anodic and cathodic, was established with specific surface area and micropore volume. The samples were soaked with saturated solution of potassium ferrocyanide up to their maximum uptake of solution. Therefore, the effect can be attributed to the preconcentration effect of the porous materials, as is well known for zeolite-modified electrodes [37] . The negative correlation of peak currents with D max , as well as low correlation coefficient with total pore volume, might indicate that the effect of mesopores was less significant than the effect of micropores.
The expected Tafel slope for one electron transfer is 120 mV/decade. However, the Tafel slope obtained for bare GCE amounts 67 mV/decade, indicating that at investigated conditions, two-electron transfer occurred. This conclusion is in accordance with the fact that at high concentrations of ferrocyanide ions, ion pairing is increased [19] . Having this in mind it can be concluded that investigation of Tafel slope for porous electrode should be performed with mass-transfer correction. Negative correlation of mass-transfer corrected Tafel slope with specific surface area, total pore volume and micropore volume was established. Increased Tafel slope with decrease of this parameters indicated that additional polarization resistance arise probably due to diffusion restriction. On the other hand, Tafel slope obtained without mass-transfer correction showed negative correlation with specific surface area and micropore volume for low overpotential, while for high overpotential negative correlation was obtained with D max. Although non-correctedTafel slope values were not reliable, this correlations indicated that at low overpotentials the electrode behavior was more influence by micropores, while at high overpotentials mesopores were more important.
The obtained k values for carbon glass electrode modified with investigated samples were smaller than value obtained for bare GC electrode. However, no correlation of oxidation rate constants (k a ) and anodic transfer coefficient (α a ) was established with textural properties. The variation of k a can be ascribed to different coverage of the electrode by the applied alumina samples since the determined value of k is product of (1-θ) and k at active sites, where θ is surface coverage. Higher coverage is expected for samples with lower porosity. However, it seems that resulting coverage is more result of random distribution of particles on the electrode surface than of the porosity of sample. On the other hand, certain correlation trend was noticed for reduction rate constants (k c ) and cathodic transfer coefficient (α c ). These correlations indicated that porosity of alumina samples influenced the behavior of formed ferricyanide ions.
Porous aluminum oxide gels, as well as other porous materials as zeolites and clays, are used as matrices for immobilization of electroactive species at the electrode surface. The investigation of these systems is often performed by cyclic voltammetry. The properties of recorded voltammograms depended on the textural properties of used alumina. The assessment of the obtained results should be performed having in mind that the obtained results might be due to limitations imposed by matrices rather than kinetic response of the investigated electroactive species.
Conclusion
Pure and nickel-doped alumina powders were synthesized in order to obtain series of material with different textural properties. The nitrogen sorption data confirmed mesoporosity of obtained materials and that structural properties affect the texture of the samples.. The sinthesized materials were impregnated with saturated ferrocyanide solution and used to modify glassy carbon electrode by means of Nafion. The electrochemical behavior of modified electrodes was tested in phosphate buffer by cyclic voltammetry. The analysis of recorded cyclic voltammograms revealed that peak current depended on pore volume, probably through effect of preconcentration. Tafel analysis performed with mass transfer correction gave more reliable data. Charge transfer rate constant was estimated by numerical simulation. The values of charge transfer rate constant obtained for GCE covered with investigated samples were lower than value obtained for bare GC electrode. This was the consequence of coverage of the electrode by alumina powder and no significant correlation between electrochemical response and textural prameters could be notice for the forward reaction i.e. ferrocyanide ion oxidation. On the other hand, certain correlation trend was noticed for reduction rate constants (k c ) and cathodic transfer coefficient (α c ). These correlations indicated that porosity of alumina samples influenced the behavior of formed ferricyanide ions. The efficiency of investigated electrocatalytic process depended on the interplay of mass transport and electron transport influenced by the chemical and physical structure of the alumina immobilizated in Nafion matrix.
